Six clones of Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) were plaquepurified from field isolates collected in Missouri, USA. In bioassays, four of the plaque-purified isolates killed neonate S. frugiperda larvae more rapidly than the field isolates from which they were derived, with LT 50 values (mean time to kill 50 % of the test larvae) ranging from 34.4 to 49.7 h post-infection. The complete genomic sequence of one of these isolates, SfMNPV-3AP2, was determined and analysed. The SfMNPV-3AP2 genome was 131 330 bp with a G+C content of 40.2 %. A total of 144 open reading frames (ORFs) was identified and examined, including the set of 62 genes in common among lepidopteran nucleopolyhedrovirus genomes. Comparisons of ORF content, order and predicted amino acid sequences with other nucleopolyhedoviruses indicated that SfMNPV is part of a cluster of viruses within NPV group II that includes NPVs isolated from Spodoptera, Agrotis and Mamestra host species. SfMNPV-3AP2 shared a high degree of nucleotide sequence similarity with partial sequences from other SfMNPV isolates. Comparison of the SfMNPV-3AP2 genome sequence with a partial sequence from a Brazilian isolate of SfMNPV revealed that SfMNPV-3AP2 contained a deletion that removed parts of ORF sf27 and the gene encoding ecdysteroid UDP-glucosyltransferase (egt). An examination of the egt region in the other isolates revealed that the other five SfMNPV clones also contained deletions of varying length in this region. Variant genotypes with deletions extending around the egt gene have been reported previously from a Nicaraguan field isolate of SfMNPV, suggesting that the presence of such variants is a common feature of SfMNPV populations.
INTRODUCTION
Baculoviruses (family Baculoviridae; Theilmann et al., 2005) consist of rod-shaped, arthropod-specific viruses with double-stranded, circular DNA genomes ranging from 80 to 180 kb. During infection, baculoviruses produce both secreted, extracellular virions (the budded virus, or BV) and intracellular virions that are packaged into a protein crystalline matrix to form viral occlusions (occluded virus, or OV). Baculoviruses isolated from Lepidoptera (moths and butterflies) are currently divided into two genera, Granulovirus and Nucleopolyhedrovirus (Jehle et al., 2006a) . Viruses of the genus Granulovirus produce ovoid occlusions that contain a single virion, whilst those of the genus Nucleopolyhedrovirus produce larger cuboidal occlusions containing many virions. The virions of both genera are enveloped, but nucleopolyhedroviruses (NPVs) produce virions containing either a single nucleocapsid (SNPV) or multiple nucleocapsids (MNPV) per envelope. The lepidopteran NPVs are divided into two groups, I and II, on the basis of phylogenies inferred from gene sequences, content and order (Herniou et al., 2003) . NPVs are used extensively as gene expression vectors (Kost et al., 2005) and as environmentally safe, species-specific, narrow-spectrum insecticides (Moscardi, 1999) . isolated and characterized from fall armyworm populations in North, Central and South America, and these isolates appear to be variants of the same virus (Berretta et al., 1998; Escribano et al., 1999; Loh et al., 1982; Shapiro et al., 1991) . S. frugiperda MNPV (SfMNPV) has been evaluated in field trials as a potential biopesticide to control S. frugiperda on maize (Armenta et al., 2003; Cisneros et al., 2002; Moscardi, 1999; Williams et al., 1999) . Applications of SfMNPV cause significant levels of mortality among S. frugiperda larvae in maize plots without affecting populations of natural enemies (Armenta et al., 2003; Williams et al., 1999) . In addition, SfMNPV has been a model for studies into the ecology of NPVs (reviewed by Fuxa, 2004) . Partial sequences reported previously from different SfMNPV isolates indicate that it is closely related to Spodoptera exigua MNPV (SeMNPV) (Simó n et al., 2005a, b; Tumilasci et al., 2003) .
In this study, the complete genomic sequence of a new clone of SfMNPV was determined. This clone, named SfMNPV-3AP2, was originally derived from a virus population isolated from infected S. frugiperda larvae collected in Missouri, USA, and was selected for genome sequencing because of its rapid speed of kill in bioassays. We report an analysis of the gene organization and content of SfMNPV-3AP2 and its relationship to other SfMNPV isolates and other NPVs.
METHODS
Purification of viral isolates. S. frugiperda larvae were collected in September 2000 from an alfalfa (Medicago sativa) field in Midway (Boone Co.), MO, USA (38u 59.3349 N, 92u 30.9479 W) and maintained in the laboratory on an artificial diet. Six larvae that died from baculovirus infection were frozen in individual tubes at 220 uC. The dead larvae were homogenized individually and fed per os to fourthinstar S. frugiperda. Polyhedra were isolated from larvae that died from the resulting infection and were purified on sucrose gradients (O'Reilly et al., 1992b) . The viral isolates prepared from the six original cadavers were numbered 1-6. To produce plaque-purified viral isolates, DNA isolated from the polyhedra of each field-collected larva was packaged with Lipofectin (Invitrogen) and used to transfect Sf21 cells maintained as monolayers at 28 uC in Excel 401 medium (JRH Biosciences) supplemented with 10 % fetal bovine serum (Integen) (O'Reilly et al., 1992b) . Plaque assays were set up with cell culture medium from the transfections (O'Reilly et al., 1992b) . One plaque was picked from each of the original six transfections, subjected to two additional rounds of plaque purification and amplified. For bioassays of the plaque-purified isolates, 5 ml BV was injected into S. frugiperda larvae and polyhedra were purified from killed larvae as above.
Bioassay analysis of viruses. Neonate S. frugiperda larvae were infected per os by the droplet feeding method developed by Hughes et al. (1986) with five doses of SfMNPV polyhedral inclusion bodies (PIBs) ranging from 1610 5 to 1610 8 PIBs ml
21
. Larvae were placed on fresh food, maintained at 28±1 uC at a photoperiod of 14 : 10 h (light : dark) and monitored two or three times daily for 7 days. The LC 50 (concentration of occluded virus required to kill 50 % of the test larvae) for each virus was calculated using POLO-PC (Robertson & Preisler, 1992) . The LT 50 (mean time to kill 50 % of the test larvae, h) for all viruses was determined using the ViStat 2.1 program (Hughes, 1990) . The L1 strain of Autographa californica MNPV (AcMNPV) was also bioassayed for comparison with the SfMNPV isolates (Lee & Miller, 1978) . The diet ( # 9781B) and S. frugiperda eggs were purchased from Bio-Serv. All bioassays were repeated twice.
DNA cloning and sequencing. Ethanol-precipitated SfMNPV-3AP2 DNA was pelleted by microcentrifugation and resuspended in distilled deionized H 2 O. After resuspension, the DNA was sheared with a GeneMachines Hydroshear device (Genomic Solutions) following the manufacturer's instructions. Fragments ranging in size from 0.8 to 2 kb were gel-purified and cloned into the pCR-Blunt II-TOPO plasmid vector (Invitrogen). After transformation into competent Escherichia coli TOP10 cells, cloned products were plated on Luria-Bertani agar plates containing kanamycin (50 mg ml
) and spread with X-Gal (Fisher Scientific). White colonies from the transformation were picked into 25 ml 10 mM Tris/HCl (pH 8.0)/0.1 mM EDTA/0.5 % Triton X-100 and lysed by incubation at 100 uC for 5 min.
Cloned SfMNPV-3AP2 sequence fragments were amplified from colony lysates (2 ml per lysate) by PCR with plasmid vector-specific primers M13F (59-TTGTAAAACGACGGCCAGT-39) and M13R (59-GGAAACAGCTATGACCATG-39). To eliminate excess primers and deoxynucleotides, the resulting PCR products were precipitated by incubation with an equal volume of 20 % PEG/2.5 M NaCl for 30 min at 37 uC. PCR products were pelleted by centrifugation and washed twice with 80 % ethanol.
PCR products were sequenced using nested plasmid vector-specific primers T7 (59-GTAATACGACTCACTATAGGG-39) and SP6 (59-GCTATTTAGGTGACACTATAG-39). Reactions were set up using the Applied Biosystems BigDye Terminator Cycle Sequencing kit with AmpliTaq DNA polymerase and electrophoresed on an Applied Biosystems 3100 DNA sequencer.
DNA sequence analysis. DNA sequence data was compiled and analysed using the software of the Lasergene suite (DNASTAR). Gaps and ambiguities in the genome sequence were resolved by amplifying the corresponding regions of the sequence from viral DNA by PCR (40 pg DNA per reaction) with custom-designed primers and sequencing the PCR products. A complete sequence of the SfMNPV-3AP2 genome was obtained with 16.2-fold coverage.
Open reading frames (ORFs) greater than 50 codons in length that did not overlap larger ORFs by more than 75 nt and were not present in a homologous repeat (hr) region were selected for further characterization. ORFs with homologues in other baculovirus genomes were also characterized. Predicted amino acid sequence identities were obtained from the results of protein database searches using the standard protein-protein BLAST algorithm (http:// www.ncbi.nlm.nih.gov/BLAST/).
For phylogenetic inference, amino acid sequences derived from selected genes were aligned by CLUSTAL W (Thompson et al., 1994) using GONNET matrices with a gap penalty of 10 and a gap extension penalty of 0.1 for pairwise alignments and 0.2 for multiple alignments. Sequence alignments for different genes were concatenated using BioEdit (Hall, 1999) . The concatenated amino acid alignments were used to construct phylograms with MEGA version 3.1 (Kumar et al., 2004) using minimum-evolution (ME) and maximumparsimony (MP) methods. ME and MP trees were sought by using a close-neighbour-interchange heuristic search, starting with either one initial neighbour-joining tree (ME) or ten initial trees generated by random addition of sequences (MP). For ME trees, Poisson correction distances were estimated with a gamma shape parameter of 2.25. In both cases, the reliability of the trees was tested with bootstrap resampling using 1000 replicates.
RESULTS AND DISCUSSION
Biological activity of SfMNPV from larval homogenates and plaque-purified isolates Lethal concentration bioassays were carried out to assess the insecticidal activities of non-plaque-purified field isolates of SfMNPV derived from the six original individual S. frugiperda cadavers and of six plaque-purified isolates derived from the field isolates (Table 1 The survival times of larvae infected with plaque-purified isolates were significantly lower than those of larvae Fig. 1 ). Of these ORFs, 77 were in the polyhedrinsense orientation and 67 were in the anti-polyhedrin-sense orientation. Ninety-two ORFs were preceded by baculovirus early and late gene promoter motifs (Table 3) .
Most baculovirus genomes contain hr regions, clusters of repeated sequences that potentially function as enhancers of gene expression and origins of DNA replication (reviewed by Possee & Rohrmann, 1997) . Eight hrs consisting of imperfect palindromic repeats were found in the SfMNPV-3AP2 sequence (Table 3 , Fig. 1 ). The repeats were 44 bp in size and the number of repeats in each hr varied from one (hr2, hr3 and hr6) to seven (hr1). SfMNPV-3AP2 hr1, hr4, hr5, hr7 and hr8 occupied the same positions on the genome with respect to surrounding ORFs as SeMNPV hr1, hr2, hr3, hr5 and hr6, respectively (Table 3 ). In addition, SfMNPV-3AP2 hr4, hr5 and hr7 were located in the same relative positions as Agrotis segetum NPV (AgseNPV) hr2, hr3 and hr4, respectively. The hr consensus sequence of SfMNPV-3AP2 exhibited sequence identities of 75 and 68 % with hr sequences of SeMNPV and AgseNPV, respectively.
Relationships with other NPVs
The results from BLAST searches with the SfMNPV-3AP2 ORF predicted amino acid sequences indicated that SfMNPV-3AP2 was closely related to SeMNPV, cont.
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AgseMNPV and the NPVs characterized from Mamestra configurata. To examine the relationship of SfMNPV-3AP2 with other group II NPVs, phylogenetic trees were inferred from two sets of aligned sequences: (i) the concatenated aligned sequences for 28 baculovirus genes from completely sequenced group II NPVs as well as AcMNPV-C6 (Ayres et al., 1994) and Cydia pomonella granulovirus (CpGV; Luque et al., 2001) (Fig. 2a) , and (ii) the concatenated aligned partial amino acid sequences of polyhedrin and late expression factors 8 and 9 (polh, lef-8 and lef-9; Fig. 2b) for SfMNPV-3AP2, other completely sequenced group II NPVs, a selection of group II NPV sequences produced by Jehle et al. (2006b) , AcMNPV-C6 and CpGV. The first dataset included all of the genes in common among all baculoviruses sequenced as of 2006 (Jehle et al., 2006a) except for p6.9, which was not identified in the annotation for the Clanis bilineata NPV (ClbiNPV) genome sequence (GenBank accession no. NC_008293) at the time the analysis was carried out.
Analyses with both datasets grouped SfMNPV-3AP2 and SeMNPV together. These viruses occurred in a clade along 
SfMNPV genome sequence
with AgseMNPV ( Fig. 2a) and other Agrotis species NPVs (Fig. 2b) . This clade in turn was part of a group that included M. configurata NPV (MacoNPV; Fig. 2a ) and Mamestra brassicae MNPV (MbMNPV; Fig. 2b ). These relationships enjoyed strong bootstrap support in both ME and MP phylograms, especially those constructed with aligned core genes (Fig. 2a) . Sequences from SpltMNPV did not group with SeMNPV and SfMNPV-3AP2, but instead were either distantly related to other group II NPVs (Fig. 2a) or formed a separate clade containing only sequences from other isolates of SpltMNPV, isolates of Spodoptera littoralis NPV (SpliNPV) and a sequence from Spodoptera terricola NPV (SpteNPV) (Fig. 2b) .
Gene content and order
All of the 62 genes common among lepidopteran NPV genome sequences (Jehle et al., 2006a) were found in the SfMNPV-3AP2 genome. One of these conserved ORFs, sf130/ac29, was almost entirely contained within a larger (Nakai et al., 2003) ; ClbiNPV (GenBank accession no. DQ504428); Lymantria dispar MNPV (LdMNPV-Cl5-6; Kuzio et al., 1999) ; HzSNPV (Chen et al., 2002) ; HearNPV isolates C1 (Zhang et al., 2005) and G4 ; AcMNPV-C6 (Ayres et al., 1994) ; SpltNPV-G2 (Pang et al., 2001) ; and CpGV-M1 (Luque et al., 2001) . See text for definitions. (b) Consensus ME phylogram of concatenated polh, lef-8 and lef-9 sequence alignments for the viruses listed above and the following viruses from Jehle et al. (2006a) : Agrotis ipsilon NPV (AgipNPV-M6-2); AgseNPV isolate A12-3; Peridroma margaritosa NPV (PemaNPV A25-4); MbMNPV isolates A3-5, A10-1 and S33; Plusia acuta NPV (PlacNPV A14-5); SpliNPV isolates A9-1 and A26-5; SpteNPV A26-1; SpltNPV isolates S37 and A17-3; Malacosoma californicum NPV (MacaNPV M30-6); Malacosoma spp. NPV; Malacosoma americanum NPV (MaamNPV M39-4); Malacosoma neustria NPV (ManeNPV) isolates A2-6 and S32; Busseola fusca NPV (BufuNPV A2-4); Boarmia bistortata NPV (BobiNPV A5-4); Ectropis grisescens NPV (EcgrNPV S22); Apocheima cinerarium NPV (ApciNPV S7); Buzura suppressaria NPV (BusuNPV S13); Dasychira plagiata NPV (DaplNPV M36-8); Hemerocampa vetusta NPV (HeveNPV A24-5); Euproctis digramma NPV (EudiNPV S24); Euproctis pseudoconspersa NPV (EupsNPV A13-1); Lymantria xylina NPV (LyxyNPV S31); and Lymantria monacha NPV (LymoNPV) isolates A14-3 and A19-3.
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ORF, sf129 (Fig. 1, Table 3 ). Sixty-four additional ORFs had homologues in the SeMNPV genome, including a homologue of se121, which was also present only in AgseNPV (Jakubowska et al., 2006) . ORFs sf55 and sf70 only had homologues in AgseNPV and the MacoNPV isolates. The ORF sf133 had homologues only in the MacoNPV isolates and Xestia c-nigrum granulovirus (XecnGV; Hayakawa et al., 1999) , whilst sf135 had homologues only in AgseNPV, the MacoNPV isolates, HzSNPV and HearSNPV. ORF sf23 had homologues only in the MacoNPV isolates and SpltMNPV. Twelve SfMNPV-3AP2 ORFs (sf5, sf6, sf7, sf8, sf11, sf32, sf43, sf44, sf47, sf85, sf96 and sf129) had no homologues in other baculovirus sequences. Four of these unique ORFs were preceded by promoter motifs and six were larger than 100 codons ( Table 3 ). The SfMNPV-3AP2 genome, in turn, lacked 14 ORFs that were present in SeMNPV, including se5, se20-se24, se33, se39, se45, se49 and se83-se86.
The gene order and organization of the SfMNPV-3AP2 genome was compared with that of other NPVs by geneparity plot analysis (Hu et al., 1998) . The SfMNPV-3AP2 genome possessed a strong degree of collinearity with the genomes of SeMNPV and AgseNPV ( Fig. 3a and b) .
Comparison with AcMNPV-C6 and SpltMNPV revealed that the order of several ORFs in these NPVs was conserved with that of SfMNPV-3AP2, but the orientation of a large proportion of these ORFs was inverted relative to the polyhedrin gene ( Fig. 3c and d) . Similar ORF orientation with respect to AcMNPV has been observed with MacoNPV-A and -B (Li et al., 2002a, b) , but not with Trichoplusia ni SNPV (TnSNPV; Willis et al., 2005) and ChchNPV (van Oers et al., 2005) .
The SfMNPV-3AP2 genome sequence contained one baculovirus repeated ORF (bro). The bro genes constitute a multigene family that is widespread among insect DNA viruses (Bideshi et al., 2003) . Although gene expression, nucleic acid binding activity, nucleosome association, and protein localization and trafficking have been characterized for some Bombyx mori NPV bro genes and proteins (Kang et al., 1999 (Kang et al., , 2006 Zemskov et al., 2000) , the functions of NPV bro genes are unclear. SfMNPV-3AP2 bro shared the greatest degree of amino acid sequence identity with MacoNPV-B bro-d, MacoNPV-A bro-e and AgseNPV brob. The SfMNPV-3AP2 bro amino acid sequence also exhibited a low degree of similarity to the SeMNPV brolike ORF, se13.
As reported for SeMNPV (IJkel et al., 1999) and MacoNPV-A and -B (Li et al., 2002a, b) , SfMNPV-3AP2 had two copies of both the odv-e66 and the p26 genes. The two odv-e66 genes (sf57 and sf115) and the two p26 genes (sf86 and sf131) only shared 30.8 and 28.2 % amino acid sequence identity, respectively. The odv-e66 gene encodes an OV envelope protein (Hong et al., 1994) , whilst the function of p26 is unknown.
The SfMNPV-3AP2 odv-e56 gene was split into two ORFs, sf9 and sf9a, due to the occurrence of a stop codon after codon 160 of sf9. This stop codon was detected in 13 sequences from 13 different clones containing this region of the SfMNPV-3AP2 genome. The sf9 predicted amino acid sequence aligns with residues 1-154 of SeMNPV odve56, whilst the sf9a sequence aligns with residues 277-370 of the same gene. The odv-e56 gene product localizes to the OV envelope (Braunagel et al., 1996) and has undergone positive selection among group I NPVs (Harrison & Bonning, 2004) , but the function of this gene is otherwise unknown. Conversely, the gene encoding late expression factor-7 (lef-7) was split into two ORFs in SeMNPV (se17 SfMNPV genome sequence and se18) but was intact in SfMNPV-3AP2 (sf18). The SeMNPV lef-7 ORFs aligned with residues 44-207 and 213-323 of sf18. Like odv-e56, lef-7 has undergone positive selection in group I NPVs (Harrison & Bonning, 2004) . The lef-7 gene is required for optimal levels of AcMNPV late gene expression and hr-directed plasmid DNA replication in transient assays in S. frugiperda (Sf21) cells (Lu & Miller, 1995) . This gene is also required for optimal AcMNPV viral replication in S. frugiperda and S. exigua cell lines but not in a T. ni cell line (Chen & Thiem, 1997) .
Comparison with other SfMNPV isolates
The nucleotide sequence of SfMNPV-3AP2 was strongly conserved with partial sequences reported from other SfMNPV isolates (Table 4 ). In general, nucleotide sequence identities were at least 99.5 % with few gaps required for an optimal alignment. Complete ORFs contained within these sequences showed a similarly high degree of predicted amino acid sequence conservation with corresponding sequences from SfMNPV-3AP2 ORFs. The most divergent sequence was from the p74 region of an unidentified SfMNPV isolate, which exhibited a relatively low nucleotide sequence identity of 97.4 % with 11 gaps over 2398 bp.
Comparison of the SfMNPV-3AP2 sequence with a 5122 bp sequence from a Brazilian SfMNPV isolate (Tumilasci et al., 2003) revealed that the SfMNPV-3AP2 genome contained a deletion of 1426 bp. The 59 end point of this deletion occurred after the first position of codon 190 of the egt ORF (sf26). Whilst the egt genes of the Brazilian SfMNPV isolate and SeMNPV are 525 and 523 codons, respectively, the SfMNPV-3AP2 egt ORF was truncated, consisting of 207 codons. The baculovirus egt gene encodes an ecdysteroid UDP-glucosyltransferase. This enzyme transfers glucose or galactose from a nucleotide-sugar donor substrate to a specific hydroxyl group on ecdysteroid hormones (O'Reilly et al., , 1992a . In insects, ecdysteroid hormones regulate development. Expression of egt during infection delays or blocks larval development, which in turn prolongs the period that infected larvae feed (O'Reilly & Miller, 1989; O'Reilly et al., 1998; Wilson et al., 2000) . This activity is thought to increase the yield of progeny virus generated during infection (O'Reilly et al., 1998) . The C-terminal truncation of the SfMNPV-3AP2 egt ORF removed domains containing residues thought to be required for glucosyltransferase activity (O'Reilly, 1995) .
The 39 end point of the 1426 bp deletion occurred between codons 77 and 78 of the Brazilian SfMNPV sf27 ORF. The SfMNPV-3AP2 sf27 ORF was initiated from an ATG codon that was downstream and in frame with the Brazilian SfMNPV sf27. Homologues of sf27 occur in SeMNPV, AgseMNPV, MacoNPV-A, MacoNPV-B, TnSNPV and ChChNPV. The expression and function of this ORF have not been characterized.
Structure of the egt region in field and plaque isolates of SfMNPV
Deletion or inactivation of the egt gene often reduces survival time of NPV-infected larvae to a significant extent (Chen et al., 2000; Eldridge et al., 1992; Flipsen et al., 1995; Slavicek et al., 1999; Treacy et al., 1997) . The deletion of most of the egt ORF in SfMNPV-3AP2 provides a potential explanation for its rapid speed of kill in bioassays. If so, one would expect that the nonplaque-purified SfMNPV isolates would contain an intact egt gene. The other fast-killing SfMNPV plaque isolates might also carry deletions in egt.
Restriction endonuclease mapping, PCR analysis and sequencing of the egt region in these viruses revealed that the egt sequences missing from SfMNPV-3AP2 were present in viral DNA from the non-plaque-purified SfMNPV isolates (Fig. 4) . PCR using primers that flanked the deletion end points in SfMNPV-3AP2 amplified a sequence that contained the 1426 nt sequence present in the Brazilian isolate and missing from SfMNPV-3AP2 in the six field isolates of SfMNPV, with differences at 6 nt positions in this region among the six field isolates and the Brazilian isolate. PCR of DNA from field isolate SfMNPV-3 only amplified a sequence containing the intact egt and sf27 ORFs, and did not produce an amplification product corresponding to the deletion genotype of SfMNPV-3AP2 (data not shown).
In contrast, the plaque isolates all had deletions in the egt region of varying lengths (Fig. 4) . The deletions present in the other plaque isolates were larger than the deletion in SfMNPV-3AP2 and resulted in the removal of several neighbouring ORFs. SfMNPV-4AP2 contained the largest deletion in this area, with one end point occurring near the 39 end of lef-7 and the other end point occurring near the 39 end of pif-2. As pif-2 is required for oral infectivity (Ohkawa et al., 2005; Pijlman et al., 2003) , the removal of most of this ORF from SfMNPV-4AP2 probably explains its lack of virulence towards S. frugiperda larvae. A complex rearrangement event or series of events appears to have occurred in SfMNPV-5AP1. One end point of the rearrangement occurred at nt 18622. Sequences including parts of sf27 and sf28 occurred at this point, but in an opposite orientation. Next to this sequence was a sequence derived from sf96 (nt 90488-90789), followed by the other end point of the rearrangement (at nt 27718, within sf29). The deletion and rearrangement end points for all plaque isolates were identical in DNA from tissue-culture-derived BV and larval-derived polyhedra. The end points of the deletion in SfMNPV-3AP2 were unchanged after two passages in Sf21 cells. 
SfMNPV genome sequence
Although genotypes with deletions in the egt gene occur spontaneously in tissue culture stocks of AcMNPV (Kumar & Miller, 1987; O'Reilly et al., 1990) , there is no direct evidence that egt mutations provide a growth advantage in tissue culture. It is possible that the deletion genotypes represented by the plaque isolates described in this study are variant genotypes that occur naturally in Missouri field isolates of SfMNPV. In a Nicaraguan isolate of SfMNPV (SfMNPV-NIC), nine distinct genotypes are present in the original field isolate (Ló pez-Ferber et al., 2003; Simó n et al., 2004 Simó n et al., , 2005c . Eight of these variants carry deletions in the same region as the Missouri SfMNPV plaque isolates, extending from sf19 to sf36. None of the variants with deletions contain the egt gene. Three variants are not infectious per os to S. frugiperda larvae and two variants kill S. frugiperda larvae faster than the presumptive nondeleted genotype (Simó n et al., 2004) . The SfMNPV-NIC field isolate is more virulent than the non-deleted genotype in bioassays, and mixtures of the various genotypes are more virulent towards S. frugiperda larvae in bioassays than the non-deleted genotype alone, suggesting that the deletion genotypes contribute to the virulence of the field isolate (Ló pez-Ferber et al., 2003; Simó n et al., 2005c Simó n et al., , 2006 . The non-deleted genotype of SfMNPV-NIC was represented in only 15 % of plaque isolates derived from SfMNPV-infected larvae, although it was the prevalent genotype as assessed by restriction digestion of viral DNA from larval-derived polyhedra (Simó n et al., 2004) . A high prevalence of alternative genotypes also may be present in the Missouri field isolates when assessed by plaque assay.
Conclusions
Although an extensive degree of collinearity was detected between SfMNPV-3AP2 and SeMNPV, the level of sequence divergence and differences in ORF content indicated that SfMNPV-3AP2 was a distinct virus and not a variant of SeMNPV. Comparison of the SfMNPV-3AP2 genome sequence with partial sequences from other SfMNPV isolates revealed that SfMNPV-3AP2 was a variant of other isolates previously described from geographically distant populations of S. frugiperda. The occurrence of variant genotypes containing deletions in the region of the egt gene appears to be a common feature of SfMNPV populations.
SfMNPV offers considerable promise as a safe, ecologically friendly means of controlling infestations of S. frugiperda where they occur. The isolation and genomic sequence of a naturally occurring, fast-killing isolate of SfMNPV may lead to further advances in the development of this NPV as an insecticide and to a greater understanding of baculovirus genetics and molecular biology in general.
